Understanding the relationship between the structure and "giant" piezoelectric properties of relaxor ferroelectric solid solutions (1-x)Pb(Mg 1/3 Nb 2/3 )O 3 -xPbTiO 3 [PMN-xPT] and (1-x)Pb(Zn 1/3 Nb 2/3 )O 3 -xPbTiO 3 [PZN-xPT] is an extremely difficult task. In this article, three main paradigms are reviewed. In the first, the monoclinic phases present at the morphotropic phase boundary (MPB) are responsible for the giant piezoelectric response in that they allow, or at least facilitate, polarization rotation. In the second, a strong polarization rotation effect is explained by the large piezoelectric shear coefficients of zero-field rhombohedral and orthorhombic phases due to the near degeneracy at the MPB and the intrinsic softness of the relaxor state; zero-field monoclinic symmetries are explained by residually distorted rhombohedral and orthorhombic phases in the presence of internal stresses and/or residual bias fields. In the third, the monoclinic "phases" are composed of very finely twinned rhombohedral or tetragonal domains. In this "adaptive phase" model, based on that for ferroelastic martensites, the large electric-field induced strains are extrinsic in nature and result from the progressive switching of the component "nano-twins"; the ease of polarization rotation is explained by a high domain wall mobility. These paradigms remain to be mutually reconciled. The article includes a thorough review of the history of PMN-xPT and PZN-xPT single crystals and, particularly, the most important work done over the last decade.
Introduction
Relaxor-ferroelectric single crystals (1- When cut and poled along a non-polar, pseudocubic <001> C direction rhombohedral, orthorhombic or monoclinic crystals exhibit "giant" piezoelectric coefficients d 33 >2,000 pm/V and high electromechanical coupling factors k 33 >0.90. Such properties [1, 2] make them very attractive for next generation sensors and actuators and much work is currently being done to implement PMN-xPT and PZN-xPT single crystals in underwater hydrophones and projectors, and in ultrasonic transducers for medical applications [3] [4] [5] [6] [7] [8] .
As will be discussed in Section 2, the giant electromechanical response of PMN-xPT and PZN-xPT single crystals has generally been attributed to the monoclinic phases recently discovered at their morphotropic phase boundaries (MPBs), the nearly vertical boundary regions separating rhombohedral and tetragonal phases at low and high PbTiO 3 contents, respectively. Here, the mirror planes of these monoclinic phases are said to act as "structural bridges [9, 10] " between the <111> C and <001> C limiting directions of the rhombohedral and tetragonal phases, respectively, allowing rotation [11] of the polar vector when an electric field is applied to a rhombohedral crystal along a non-polar <001> C direction. The generally accepted paradigm, which will be explicitly laid out in Section 2, can be summarized as follows:
compositions, when oriented and poled along a nonpolar <001> C direction.
However, as will be discussed below, there remains some debate about this "polarization rotation" model. One notable critic [12] has suggested that a monoclinic phase is "neither sufficient nor necessary" to understand the large piezoelectric response of PMN-xPT and PZN-xPT; it might be better to think of a monoclinic "distortion" rather than a true phase. Many authors have postulated that the monoclinic phases observed at zero-field in poled and unpoled crystals are metastable, perhaps the result of residual stresses due to the coexistence of rhombohedral and tetragonal domains or simply the domain structure itself [13] [14] [15] [16] [17] . Furthermore, it has been pointed out that strong crystal anisotropy of truly rhombohedral crystals, due to the near degeneracy of two or more phases near the MPB [18] , is enough to explain the large piezoelectric response of PMN-xPT and PZN-xPT along non-polar directions [19] [20] [21] [22] . Elsewhere, authors have begun to dispute whether the monoclinic "phases" evidenced by high resolution diffraction and optical microscopy are truly monoclinic on a microscopic scale; according to the recent "adaptive phase [23] " model proposed by Viehland and coworkers, the monoclinic phases observed in PMN-xPT and PZN-xPT at the MPB might be composed of very fine scale twins of truly rhombohedral or tetragonal material having only a volume-averaged monoclinic symmetry [24] [25] [26] . In contrast, there is also evidence from diffuse scattering measurements that the rhombohedral and tetragonal phases observed in PZT, and the rhombohedral phase in PMN-xPT, have local monoclinic symmetry [27] [28] [29] [30] [31] ; the monoclinic phases observed at the MPB in PZT result from the condensation of the local monoclinic, disorder present in both rhombohedral and tetragonal phases [29, 30] .
Thus, we can identify three main paradigms for the elevated piezoelectric response of PMN-xPT and PZN-xPT single crystals at the morphotropic phase boundary and the nature of the monoclinic "phases" observed there. They are: (1) the polarization rotation model; (2) the monoclinic phase as a field-distorted higher symmetry phase; and (3) the adaptive phase model. The polarization rotation model will be laid out from a historical perspective in Section 2. The other two models will be described in Section 3 where evidence for local monoclinic symmetry in PMN-xPT and PZN-xPT will also be discussed.
Complex relaxor-ferroelectric solid solutions
Unfortunately, concluding the debate will be a difficult task due to the sheer complexity of PMN-xPT and PZN-xPT. As the solid solutions of a prototypic relaxor [32] Pb (Mg 1/3 Nb 2/3 )O 3 [PMN] or Pb(Zn 1/3 Nb 2/3 )O 3 [PZN] with ferroelectric PbTiO 3 [PT], they show a gradual progression from relaxor to ferroelectric behavior with increasing PT content across the phase diagram [22, [33] [34] [35] [36] [37] [38] . At high PT contents, the crystals show a sharp phase transition with a dielectric peak like that observed in lead titanate itself and other simpler perovskites [39] . At lower PT contents the phase transition is "diffuse [33, 40] ," characterized by a frequency dependent peak in permittivity which does not correspond to a structural phase transition [41] . Just below this, a second dielectric anomaly (a "kink" or "shoulder") where all frequency dispersion disappears is evidence of a spontaneous transition to a long-range ordered structure [36] , a "relaxor to ferroelectric phase transition [42] ," below which the crystal is polar. Upon heating, the same kink corresponds to the "depoling temperature [34] " T d , above which long range, ferroelectric order is lost.
As in pure PMN [43] , at even lower PT contents in PMN-xPT [44, 45] and PZN-xPT [46, 47] , there is debatably [41, [48] [49] [50] no spontaneous transition to a long range ordered, rhombohedral phase and crystals need to be poled to render them ferroelectric. However, poling using different poling protocols (e.g. field cooling), at different temperatures and differing electric field levels can often alter the resultant zero-field phase [22, 51, 52] . Furthermore, poling by field cooling can induce different phases in differently-oriented crystals; for example, [001] C -poled PMN-35PT has been shown to be monoclinic whereas [101] C -poled PMN-35PT is orthorhombic [53, 54] . As a result, Cao and coworkers discuss a "fragile phase stability" in PMN-xPT depending not only on small changes in field, but on the direction of applied field as well [54] .
All measurements are also hindered by the fact that compositional heterogeneity is very difficult to avoid in solution grown crystals [55] [56] [57] . Firstly, this means that nominal compositions quoted are often misleading making systematic comparison of published results difficult. Secondly, due to the near degeneracy of the ferroelectric phases at the MPB, coexistence of two or more phases is often observed, especially in the unpoled state [15, [58] [59] [60] [61] .
Moreover, the microstructures of PMN-xPT and PZN-xPT are exceedingly complex. On a microscopic scale (above one micron), large ferroelastic domains can be observed, optically, in poled and unpoled crystals with MPB compositions [62] [63] [64] [65] [66] . At lower and lower PT contents, these domains become smaller and less well defined forming a "tweed [67]-like" structure common to ferroelastic martensites at intermediate compositions before disappearing completely [64, [68] [69] [70] ; in PZN, for example, no domain wall contrast can be seen in the zero field cooled (unpoled) state [71] . Such a gradual change in microstructure is consistent with the transition from relaxor to ferroelectric behavior across the phase diagram.
On a finer scale, atomic and piezo-force microscope (AFM) images show a "fingerprint" structure of 180°d omain walls embedded in these larger macroscopic domains [72] [73] [74] [75] , such that we can talk about a "hierarchical [69] " structure, which fragment into sub-micron sized polar "nanodomains [69, 76, 77] " at lower PT contents. Notably, however, most microstructural studies have been done without due deference to the surface state of the crystal. Importantly, fine tweed-like structures have been shown to coarsen into proper ferroelectric domains if properly annealed to remove surface damage from the polishing process [22, 64] ; tweed-like microstructures can also be removed by poling [22] . The orientation of the fingerprint patterns observed has very recently been shown to follow the direction of polishing [78] .
Not least, the presence of polar nanoregions (PNRs), regions of locally correlated, short-range ferroelectric order, at temperatures high in the paraelectric phase, is an important feature of relaxor-ferroelectric PMN-xPT and PZN-xPT [45, 79, 80] . PNRs nucleate at temperatures high above the spontaneous onset of long-range ordered ferroelectricity and their nucleation, growth and subsequent coalescence into long-range ordered rhombohedral, orthorhombic, monoclinic or tetragonal phases remains the subject of much investigation [45, 47, 48, [80] [81] [82] [83] [84] . Notably, they are far too small to be imaged, especially at high temperatures, and information about their size and local symmetry is most often derived from diffuse neutron or X-ray scattering experiments. Therefore, their part in the spontaneous transition to a long-range ordered phase and the hierarchical structure of embedded polar "nanodomains" observed by AFM [69, 76, 77] remains to be observed and, indeed, fully understood. Unfortunately, such diffraction studies often draw conflicting results. For example, although PMN remains short range ordered down to very low temperature [43, 48] , there remains much debate as to whether a fully long range ordered rhombohedral phase develops in PZN upon cooling, or not [41, 46, 49, 50] . Recently, Xu and coworkers have called into question the model of PNRs as precursors, or "embryos," for the low temperature, longrange ordered, ferroelectric phase; instead, their diffuse scattering study of PZN suggests that PNRs persist, embedded in the matrix of the low-temperature, rhombohedral phase, with local polarizations perpendicular to the global [111] C polar axis [80] .
In any case, the presence of polar nanoregions is in keeping with the important disordered nature of relaxorferroelectrics in general. Thus, it is perhaps not too surprising that the presence of locally disordered, monoclinic symmetry has been evidenced in the rhombohedral phase of PMN-xPT [10, 31] . The possibility that the "average" symmetries of PZT, PMN-xPT and PZN-xPT are different to their "local" symmetry at a unit cell level will be discussed in Section 3.
Picturing the elephant
Importantly, no single review could possibly do justice to the vast body of work already published in the field. Literally hundreds of articles have appeared on the synthesis, properties and structure of PMN-xPT and PZN-xPT since their "rediscovery [1] " in 1997 and it is now becoming more and more difficult to keep abreast of all the collected knowledge in the field. One of the major problems is that the articles have come from many differing perspectives: crystallographers have presented important high resolution X-ray and neutron diffraction data on the crystalline structure of PMN-xPT and PZN-xPT at the (apparent) Angstrom scale; microscopists have published transmission electron microscopy (TEM), atomic force microscopy (AFM) and polarized light microscopy (PLM) images of their microstructure at the nanometer and micron scale; and specialists in ferroelectric and piezoelectrics have reported bulk, macroscopic measurements of their dielectric, pyroelectric, ferroelectric and piezoelectric properties. Furthermore, these studies have been made: for a variety of crystal compositions in both poled and virgin states; for various crystallographic orientations; at zero field and under electrical bias; under various mechanical stresses for varying loading geometries; at various temperatures from high in the paraelectric phase down to cryogenic temperatures; and, finally, on crystals with various thermal, electrical and mechanical histories. Few authors have made systematic studies over a range of compositions; fewer still have combined bulk characterization, microstructural and high-resolution diffraction studies together. In many ways, therefore, researchers in the field are like the protagonists in the parable of the four blind men and the elephant:
Four blind men encounter an elephant. One grabs the leg and concludes it is a tree trunk. One holds the tail thinking it is a whip. Another touches the elephant's trunk and decides it's a hose and the fourth man pats the side concluding it's a wall.
All are right, of course, though none completely. We have yet to picture the whole beast.
The polarization rotation model: a historical perspective
We start with a brief historical review of the complex relaxor-ferroelectric single crystals, PMN-xPT and PZN-xPT, and thus the development of the polarization model described briefly in Section 1. Some of this section has been covered in other review articles, most notable in those by Park and Hackenberger [2] and Noheda [9] . Furthermore, the reader is pointed towards a number of reviews on the physics of relaxor-ferroelectrics in general [32, [85] [86] [87] [88] [89] [90] , especially PMN and PZN, and another excellent review article recently published by Noheda and Cox [10] . For completeness we start near the beginning, with lead zirconate titanate.
One of the biggest developments in the field of piezoelectrics came in the early 1950s with the discovery of ferroelectricity in "PZT" [Pb(Ti x Zr 1−x )O 3 ], the solid solution formed between lead zirconate (PbZrO 3 ) and lead titanate (PbTiO 3 ); lead zirconate titanate, doped with various additives, has remained the dominant piezoelectric ceramic in transducer and actuator technologies ever since [9] . The phase diagram for PZT has been refined over many years and the generally accepted version is that found in Jaffe, Cook and Jaffe (1971) [39] ; it is shown in Fig. 1 .
The nearly vertical, or temperature-independent, phase boundary between the low lead-titanate content 3 m rhombohedral phase (R) and the high lead-titanate content 4 mm tetragonal phase (T) is termed the morphotropic phase boundary (MPB) [39] , meaning literally "the boundary between two forms [91] ." It is the most technologically significant part of the phase diagram with the strongest dielectric, piezoelectric and coupling coefficients being found at nearby compositions [92] : piezoelectric coefficients (d 33 ) ranging from around 200 to 750 pm/V can be achieved with different dopants [93] compared to around 2 pm/V in quartz.
However, despite significant scientific interest, the exact nature of the MPB and the reason for its enhanced properties remained for a long time poorly understood. Various models have been proposed including those of a finite region of two-phase coexistence, where perhaps one phase is metastable, and a true boundary where the observed coexistence can be explained by unwanted compositional fluctuations [9, 94] . Indeed, a recent article has reiterated the thermodynamic necessity of a two-phase region at the MPB wherever diffusion is fast enough to occur during processing [94] . It is not surprising, therefore, that the width of the two-phase region in ceramic PZT has been found to depend on the processing conditions used [29] .
Importantly, it was believed for a long time that such a two-phase coexistence gives rise to stronger piezoelectric response in the poled ceramic due to "an increased ease of reorientation during poling [39] ." That is, the coexistence of rhombohedral and tetragonal phases presents a greater number of possible domain variants and hence a better "polarizability": that is, a greater volume of material can align their polar vectors more closely to the poling direction. This has found theoretical backing in a recent article by Li and coworkers [95] . However, as will be discussed in Section 3, this explanation ignores the fact that the highest piezoelectric and dielectric coefficients of a perovskite single crystal are most generally found along directions away from the polar axis [18, 96] .
Most importantly for the story of PMN-xPT and PZN-xPT, PZT has proved nearly impossible to grow in single crystal form (except possibly by certain solid state techniques) [97] . Because of this, and due to the technological prominence of PZT polycrystalline ceramics, research into single crystal piezoelectrics took a back seat for many years.
Relaxor-ferroelectrics
In 1958 Smolenskii and Agranovskaya [98] reported unusual dielectric behavior in complex perovskites with the general formula Pb(B',B'')O 3 , where B' is a low valence cation (e.g. Mg 2+ , Ni 2+ , Fe 3+ ) and B'' is a high valence cation (e.g. Nb 5+ , Ta 5+ , W 6+ ). Later named relaxorferroelectrics [32] , these materials exhibit broad, diffuse peaks in permittivity at what was thought to be the phase transition between high-and low-symmetry phases, quite different to the sharp peak observed in the simpler perovskite ferroelectric, barium titanate [39] . Of such materials, lead magnesium niobate "PMN" [Pb(Mg 1/3 Nb 2/3 )O 3 ] proved to be of most interest, having an anomalously high dielectric constant at room temperature just above a broad dielectric maximum at around 0°C [32, 99] .
In contrast to barium titanate, PMN retains an averagely cubic (m3m) symmetry down to around 5 K [41] and hence [39] is not piezoelectric. However, it was found to exhibit a strong and usefully anhysteretic electrostrictive effect [100] mainly due to the high polarizability of the relaxor state [101] . It was suggested that this could be exploited in specialized actuator and transducer applications such as micropositioners and adaptive optic systems where its relatively small thermal expansion coefficient would also be an advantage [101] . Furthermore, it was found that the dielectric constant of PMN could be increased by doping with another perovskite, lead titanate; addition of lead titanate, which transforms from its paraelectric phase at around 490°C [39] , actually increases the temperature of maximum permittivity in PMN to above room temperature. Moreover, the electrostrictive coefficients of the resultant (1-x)Pb (Mg 1/3 Nb 2/3 )O 3 -xPbTiO 3 [PMN-xPT] solid solution were found to increase with increased PT content, with the strain remaining predominantly electrostrictive to around 13 mol% PT [101] .
In 1982, a new method for synthesis of ceramic PMN and other complex mixed oxide ceramics was devised by Swartz and Shrout, which greatly reduced the presence of unwanted pyrochlore phase [102] . Usefully large pyroelectric coefficients were also identified in poled PMN-xPT ceramics, which thus appeared a promising material for pyroelectric point detectors [103] .
It was also discovered that upon further addition of lead titanate to PMN-xPT more "classical" ferroelectric behavior is observed. Upon poling samples of a large enough PT content, PMN-xPT assumes a rhombohedral (3 m) ferroelectric phase, and therefore becomes piezoelectric. The entire phase diagram for PMN-xPT was subsequently mapped out for ceramic PMN-xPT [99, 104] in 1989 revealing a morphotropic phase boundary between 3 m rhom-bohedral and 4 mm tetragonal phases very similar to that in PZT. Again, the piezoelectric coefficient and the relative permittivity were found to peak at the MPB, at around 700 pm/V and 5,000, respectively [104] .
Relaxor-ferroelectric single crystals
The useful properties of relaxor-ferroelectric single crystals were first reported by Nomura and coworkers around the early 1970s. This time, the solid solution involved was based on another (albeit related) relaxor, lead zinc niobate "PZN" [Pb(Zn 1/3 Nb 2/3 )O 3 ]; PZN exhibits a diffuse phase transition closer to 100°C and is rhombohedral when poled at room temperature [71] . Although polycrystalline samples are difficult to synthesize [33] , single crystals of the lead zinc niobate lead titanate solid solution [(1-x)Pb(Zn 1/3 Nb 2/3 O 3 -xPbTiO 3 or "PZN-xPT"] could be readily grown by a flux method. The solution was found to exhibit a morphotropic phase boundary, very similar to that found in polycrystalline PZT and PMN-xPT, between rhombohedral and tetragonal phases at around 9 wt.% PbTiO 3 ; it is shown in Fig. 2 . Again, as in PZT and PMN-xPT ceramics, dielectric and piezoelectric properties were found to peak close to this phase boundary.
In the early 1980s, Nomura revisited PZN-xPT [19, 105] . Single crystals were grown and oriented along both [111] C and [001] C directions. Although modest piezoelectric coefficients were found in [111] C -poled crystals, "giant" d 33 coefficients >1500 pm/V were measured in rhombohedral compositions near the MPB, cut and poled along the non-polar [001] C direction.
Critically, such behavior might have been unexpected by users of poled ceramic piezoelectrics [39] where properties are always measured, necessarily, along the polar (poling) axis and values of around 700 pm/V are achieved [104] . Notably, the authors explained the discrepancy between polar and non-polar orientations by a strong crystal anisotropy, as might be expected from basic propertysymmetry relationships in crystalline materials [96] and, especially, the large piezoelectric shear coefficient d 15 of the monodomain [111] C -oriented crystal [19] ; we will return to the importance of single crystal anisotropy in Section 3.
Likewise, studies of the PMN-xPT solution had hitherto only been carried out on polycrystalline samples when, in 1990, Shrout et al. published a series of measurements on flux-grown crystals with a range of compositions close to the MPB (0:3 x 0:4) [106] . The published phase diagram, based on dielectric measurements, is also reproduced in Fig. 2 . Similar to the findings of Kuwata et al., the largest piezoelectric coefficients and dielectric constants were observed in rhombohedral crystals with MPB compositions oriented along the non-polar [001] C direction. A piezoelectric coefficient d 33 of 1,000-1,500 pm/V was reported for [001] C -poled PMN-30PT, around five times higher than that measured along the [111] C polar axis (300 pm/V), and twice as high as that measured in poled ceramics.
A new era of relaxor-ferroelectric single crystals
Later, in 1997, Park and Shrout [1] reported a series of systematic measurements of the piezoelectric properties of PMN-xPT and PZN-xPT single crystals cut and poled along a variety of different crystallographic directions. Not only were piezoelectric coefficients (d 33 >2,500 pm/V) and electromechanical coupling factors (k 33 <0.94) highest in <001> C -oriented rhombohedral crystals, anhysteretic strainfield responses were also observed.
One of the main drawbacks of PZT is that to achieve the highest piezoelectric coefficients, doping with additives is needed [39] ; the strain-field loops in such "soft" PZT ceramics are characteristically hysteretic due to a large extrinsic contribution, typically from domain wall motion [107] , resulting in poor positioning accuracy, high dielectric loss and hence significant heat generation during use [1] . Although the piezoelectric response to a unipolar electric field applied along the polar [111] C direction was found to be weak and hysteretic, anhysteretic strains <0.6% were observed in [001] C -poled samples of rhombohedral PZN-xPT and PMN-xPT [1] . Such attractive behavior is observed in rhombohedral PZN-5PT, for example, as shown in Fig. 3 , indicative of minimal extrinsic, domain wall contribution to the piezoelectric response.
The absence of domain wall motion was explained by the stable domain structure formed by poling a rhombohedral crystal, containing eight possible ferroelectric domain variants [108, 109] (or orientation states) with spontaneous polarization vectors P S along the <111> C directions, along a non-polar <001> C direction. For example, when a sufficiently strong electric field is applied along the [001] C direction, four degenerate domain variants will be stabilized, with polar vectors along the [111] C , [111] C , [111] C and [111] C directions. This is also shown in Fig. 3 . Subsequent application of an applied field to this engineered-domain [1] structure will not favor any one domain state over the others and no domain wall motion will occur: the polar vectors in each domain variant will simply rotate continuously towards the direction of applied field (polarization rotation or "inclination [1]"). The lack of domain wall motion was later confirmed in situ by polarized light microscopy [110] .
According to the model, at higher electric-fields where polarization rotation ceases, an electric-field induced phase transition to a tetragonal phase will occur where all polarizations "collapse into the [001] C direction [1] ." This too was evident in hysteretic strain-field loops at high fields, indicative of a first order, rhombohedral-to-tetragonal phase transition [1, 111] . A subsequent in situ X-ray diffraction study by Durbin et al. (1999) [112] showed that the hysteretic strain observed in such high-field strain loops for [001] C -oriented, rhombohedral "PZN-8PT" was well reflected in the deformation of the crystal lattice and, therefore, almost entirely intrinsic in nature. This was further evidence for the inherent stability of the domain engineered structure.
New monoclinic phases and polarization rotation
At around the same time, something quite unexpected happened: a monoclinic phase was observed by high resolution X-ray diffraction in morphotropic phase boundary PZT (with a PT content of 48 mol%) just below room temperature [Noheda et al. (1999) ] [29, 113] . High quality, homogeneous ceramic samples were used, with composi- Fig. 3 Characteristic converse piezoelectric response to an unipolar electric field in a [001] C -oriented sample of PZN-5PT at 1 Hz and 30°C. The details of the measurement are given elsewhere [154] tional fluctuations less than 0.3 mol% PT; according to the authors, the diffraction pattern observed could not be accounted for by two-phase coexistence [10, 91] . After further investigation of other compositions, the monoclinic phase was subsequently found to occupy a narrow "triangle [9] " in between the rhombohedral and tetragonal phase fields of Fig. 1 . At 20 K, the monoclinic phase was found for compositions 0:46 x 0:51 ] [91] .
The unit cell of the new monoclinic (M) phase (space group Cm) is such that a M and b M lie along the 110
) and c M deviates from [001] T by a small angle (b−90°) [91] , where b is the monoclinic angle (90.5°at 20 K). Critically, in this phase (later named "M A ") [114] , the only remaining symmetry element is a single {110} C mirror plane. Therefore, instead of being fixed to lie along a single direction, the polar vector P S is crystallographically free to rotate within this plane between [111] C and [001] C limiting directions [115] ; this can be seen in Fig. 4 . Further structural refinement [29] of the Pb cation shifts at the same temperature showed that the polar vector was rotated by about 24°from the [001] C direction towards [111] 
Du et al. had already shown using phenomenological Landau-Ginzburg-Devonshire theory [116] that in PZT, as in PZN-xPT and PMN-xPT, the highest piezoelectric properties are expected for <001> C -oriented rhombohedral crystals with compositions close to the morphotropic phase boundary. Again, as observed for PZN-xPT and PMN-xPT single crystals, much smaller piezoelectric coefficients were predicted for crystals oriented along the <111> C polar axis. Although this result could not be confirmed experimentally (due to the lack of adequately-sized PZT single crystals [97, 117] ), as suggested by Park and Shrout [1] , a large piezoelectric response did seem to be generated by a "polarization rotation" mechanism where the polarization vector rotates continuously towards an electric field applied off-axis. Suddenly, the newly found M A monoclinic phase in PZT seemed to lend a mechanism for this rotation: i.e. the monoclinic plane acts as a "structural bridge [9, 10, 91]", allowing or facilitating the polarization rotation, therefore leading to enhanced piezoelectric properties in PZT around the morphotropic phase boundary.
Further support for the importance of polarization rotation came from the in situ X-ray diffraction study of PZT ceramics under an applied electric field [118] ]. The results showed that even in averagelyoriented polycrystalline PZT, in both tetragonal and rhombohedral MPB phases, the piezoelectric distortion of the unit cell is most strongly due to rotation of the polarization vector, not its elongation. Then, in 2000, first principles calculations by Fu and Cohen [11] showed explicitly that in rhombohedral barium titanate (at 0 K), under an electric field applied along the [001] C direction, "a large piezoelectric response can be driven by polarization rotation." Similar was later shown by the ab initio calculations of Bellaiche et al. (2001) [119] for the tetragonal and rhombohedral phases of PZT. According to these calculations, the polarization vector can also rotate continuously within the monoclinic plane as a function of composition [9] , as well as upon application of a field. A breakthrough seemed to have been made: the monoclinic phase forms a convenient structural bridge across the first order, morphotropic phase boundary in PZT and also explains the elevated piezoelectric response found there [9] .
Even more support for the presence of a monoclinic phase came from the theoretical work of Vanderbilt and Cohen [114] (2001) . Previous phenomenological theories [120] had disallowed the presence of a monoclinic phase [9] although a fuller expansion of the Landau-Ginzburg-Devonshire free energy function [121] to eighth-order (as opposed to a standard sixth [120] ) was found to predict not only one monoclinic phase but two, alongside the rhombohedral (R), orthorhombic (O) and tetragonal (T) phases found in barium titanate [39] . The second monoclinic phase had space group Pm, this time with the {010} C mirror plane its only remaining symmetry element. This phase, named "M C ," is also shown in Fig. 4 . Its polar vector is constrained, by symmetry, to lie within the {010} C plane between tetragonal and orthorhombic limiting directions: therefore, the orthorhombic phase is, in fact, the limiting case of the M C phase and might be termed "pseudomonoclinic [9] ." A "universal phase diagram [122] " was proposed showing phase-fields for all five symmetries, R, O, T, M A and M C , linked by various polarization rotation "paths [9] "; the simplest of such paths, R-M A -T, path can be seen quite easily in Fig. 4 .
Finally, one other important finding concerning the structure of PZT emerged just before the discovery of the monoclinic phase. In 1998, based on a neutron diffraction Fig. 4 Mirror planes of the monoclinic phases recently discovered at the morphotropic phase boundaries of PZT, PMN-xPT and PZN-xPT. The polar axes of the monoclinic phases are not fixed but are free to rotate within their mirror plane between the limiting directions of the rhombohedral (R), orthorhombic (O) and tetragonal (T) phases. The notation is that according to Vanderbilt and Cohen (2001) [114] study, Corker and coworkers proposed that the rhombohedral phase in PZT has a locally disordered structure in which random [001] C -type Pb cationic shifts are superimposed upon that along the global, [111] C polar axis [27] ; as will be discussed in Section 3.3, this implies that rhombohedral PZT has local monoclinic symmetry and only average (global) rhombohedral symmetry. Using this result, Noheda et al. proposed that the new M A monoclinic phase derives from a locally disordered rhombohedral phase in which the random, local [001] C Pb shifts condense, or freeze out, along a single direction [29] .
Monoclinic phases in PMN-xPT and PZN-xPT
It was only a matter of time before monoclinic phases were also discovered at the MPBs in PMN-xPT and PZN-xPT [9] . Intriguingly, it was not the M A phase that was found but M C , in which the monoclinic b M axis lies instead along a [010] C -type direction; notably, this phase is orthorhombic in its limit when a M =c M [9, 123] . Subsequently, many high resolution (X-ray and neutron) diffraction studies [9] were carried out on single crystals, ceramics and ground powders and strong evidence was found for an intermediate M C phase in both poled [124, 125] and unpoled [123, 126, 127] samples. The monoclinic phase was also clearly identified by optical microscopy in PMN-xPT [ [9, [130] [131] [132] , the M C phase often being induced irreversibly. Finally, as in PZT, evidence was found that the local symmetry of the rhombohedral phase in PMN-xPT is actually monoclinic [31, 133] (Section 3.3).
Since 1997, a huge amount of work has gone into ascertaining the ferroelectric phases occurring in PMN-xPT and PZN-xPT of varying MPB compositions based mainly on high resolution X-ray or neutron diffraction [14, 53, 54, 123, 124, [134] [135] [136] [137] [138] , optical (polarized light) microscopy [58, 61, [139] [140] [141] and bulk dielectric, pyroelectric and calorimetric measurements [142] [143] [144] [145] [146] [147] [148] . Indeed, further interest has also been rekindled in the PZT phase diagram, especially in the phases found at low temperature where octahedral tilting becomes prevalent [149] .
As yet, however, no definitive phase diagram exists for PMN-xPT nor PZN-xPT, although that published recently for unpoled PMN-xPT is perhaps the most comprehensive so far [31] . Apart from the compositional heterogeneity, as noted in Section 1, this is because unpoled crystals often lack long-range order; the "relaxor to ferroelectric transition" that occurs with increasing PT content and decreasing temperature is, by definition, diffuse such that phase boundaries are difficult to draw. In any case, such a phase diagram would not be technologically useful since unpoled crystals are not piezoelectric.
Furthermore, again as noted in Section 1, the zero-field phase present after poling and its range of thermal stability can depend upon the orientation of the applied poling field [22, 51, 53, 54, 143, 145, 150] . The importance of this result will be returned to in the Section 3. Therefore, different phase diagrams should be drawn up for the different poling directions, [001] C , [110] C or [111] C , as in the recent work of Cao and coworkers [54] . Because the largest piezoelectric coefficients are observed in [001] Cpoled crystals it makes sense to concentrate on this orientation. Importantly, for [001] C -poled crystals, the boundary between the R (or M A ) phase and the intermediate M C phase is nearly perfectly vertical in that a R-M C transition is not observed upon heating in dielectric measurements, or otherwise [22, 143, 145] ; instead a single phase transition to a tetragonal phase is observed. In fact, this explains why the early phase diagrams derived from dielectric measurement of [001] C -poled crystals shown in 
Phase transitions under external electric field and stress
Finally, the near degeneracy of the various ferroelectric phases near the MPB means that the phase transitions between them can be induced by relatively small changes in temperature, electric field and/or stress. Since 1997, much work has also gone into investigating the various electricfield induced phase transitions that occur from the unpoled or pre-poled state when electric fields are applied to crystals of PMN-xPT or PZN-xPT along a non-polar [001] C , [101] C or [111] C type direction. As a result, various phase transitions and "polarization rotation paths" have been evidenced by bulk strain-field measurements [151] [152] [153] [154] , and in situ diffraction [112, [130] [131] [132] and optical microscopy [110, 111, 151, [155] [156] [157] . Moreover, they all share certain characteristics. They begin by the rotation of the polar vector in an M A (M B ) [54] or M C monoclinic plane ( Fig. 4) , which acts to reduce the angle to the applied electric field. Such polarization rotation is manifest in nearly linear, anhysteretic, macroscopic strain-field behav-ior like that shown in Fig. 3 . Then, at a critical field, a sudden discontinuity in macroscopic strain (and polarization) and an accompanying hysteresis is observed corresponding to a first order phase transition to the field induced phase, as shown in Fig. 5 . In terms of a "polarization rotation path," the abrupt change in strain corresponds to a "jump" of the polar vector either within or between monoclinic planes [154] . Physically, it corresponds to the nucleation and growth of the new phase within the matrix of the old [151, 155] , as might be expected of a firstorder phase transition [154] . Furthermore, the induced phase can generally be predicted by simple thermodynamic arguments [154] . In some cases, more than one first order type transition can be observed in the same strain-field cycle and the transitions become less abrupt, or more diffuse, at lower PT contents or in more "relaxor" compositions where field-induced strains are more electrostrictive in nature [22, 154] . In pre-poled samples, the initial phase is usually recovered after removal of the field. In unpoled samples, irreversible electric-field induced transitions can occur [51, 131] , including from a short-range ordered state for samples that are not spontaneously ferroelectric [47] .
Lastly, similar stress-induced phase transitions have recently been evidenced under uniaxial compressive stresses applied along non-polar directions [22, 154, [158] [159] [160] ; again, simple thermodynamic arguments can predict which ferroelectric (ferroelastic) phases will be energetically biased over others.
3 The nature of the monoclinic phase To summarize, monoclinic phases having lower symmetry than the 3 m rhombohedral, mm2 orthorhombic and 4 mm tetragonal phases observed in the simpler perovskites BaTiO 3 , KNbO 3 and PbTiO 3 are readily observed in both poled and unpoled single crystals of PMN-xPT and PZN-xPT with MPB compositions. As implied by the polarization rotation model, these monoclinic phases act as the structural bridges necessary for rotation of the polar vector when an electric field is applied in a non-polar direction [10] . It is polarization rotation, as opposed to lengthening of the polar vector, that generates the "giant" piezoelectric response when an electric field is applied in a non-polar direction [11] .
However, as will be discussed below, the true nature of these low symmetry "phases" remains in doubt. In this section, alternative paradigms to the "polarization rotation model" will be discussed.
Monoclinic distortion in the presence of residual fields
Importantly, the low symmetry monoclinic phases are evident in both poled and unpoled PMN-xPT and PZN-xPT under zero external electric field and stress. Within the framework of 6th order Landau-Ginzburg-Devonshire (LGD) theory, all three monoclinic "phases" of Fig. 4 are predicted in the simpler perovskite BaTiO 3 when an electric field, or stress, is applied in a non-polar direction [161] ; the same will be true for the 6th order phenomenological theory of PZT. However, as noted in Section 2, an 8th order expansion is required to allow for stable, zerofield monoclinic phases [114, 162] . Recently, Bell has shown that introduction of an 8th order term to the phenomenological theory of PZT can not only stabilize a zero-field monoclinic phase at the MPB, but "enhance" polarization rotation and thus the piezoelectric coefficients predicted [30] .
In spite of this, as pointed out by Kisi and coworkers [12] , monoclinic phases are not necessary for polarization rotation when an electric field is applied in a non polar direction. Within the framework of 6th order LGD theory, polarization rotation will occur due to the biasing effect of an additional −E.P term in the free energy expansion, where E is the electric field and P is the polarization; this will be true wherever an electric field is applied in a direction away from the <001> C , <101> C or <111> C zero-field polar axis of a tetragonal (T), orthorhombic (O) or rhombohedral (R) crystal, respectively [161] . When this occurs, even at an infinitesimally small field, the initial T, O or R symmetry will be broken and symmetry lowering will result [12] .
In fact, in truly 3 m rhombohedral, mm2 orthorhombic or 4 mm tetragonal crystals, polarization rotation is directly ; an electric-field induced phase transition is evident. The details of the measurement are given elsewhere [154] related, by electrostriction, to the shear coefficients (d 15 and d 24 ) of the piezoelectric tensor [96] . Whereas the longitudinal coefficient d 33 describes extension of the polar vector, or the collinear piezoelectric effect, due to a component of electric field along the polar axis, the shear coefficients describe the shear strain due to the rotation of the polar vector towards any component of the applied field perpendicular to the polar axis: that is, polarization rotation. It is a simple exercise to show that the polar vector will rotate within a {010} C or {110} C (M C or M A ) type mirror plane of the 3 m rhombohedral, mm2 orthorhombic or 4 mm tetragonal phase when an electric field is applied along a non-polar <001> C , <101> C or <111> C direction. In each case, the extent of polarization rotation will correlate directly with the shear coefficients, d 15 and d 24 . Notably, as soon as polarization rotation occurs all other symmetry elements of the R, O or T point group will be broken with the only remaining symmetry element a mirror plane [12, 161] . Therefore, the symmetry of the field distorted, lower symmetry phase will be either M A (or M B ), or M C . Such a piezoelectrically distorted R, O or T phase, resulting from application of a finite field away from the polar axis, will be indistinguishable from a truly zero-field monoclinic phase. The question therefore arises: is the field distorted structure really a monoclinic "phase"? Since electric field (or stress) is as valid a thermodynamic parameter as temperature, we might say that an electric field (or stress) induced phase transition to a monoclinic phase occurs at an infinitesimally small field. However, if such a phase transition does occur, one should also look at its order. According to group theoretical analysis [134, 162] , a phase transition between R and M A phases can only be first order; that is, it should involve a discontinuous change in the order parameter (i.e. polarization) and should be accompanied by hysteresis when the field is removed. Therefore, an electric field induced phase transition to an M A phase cannot occur by pure polarization rotation from the zerofield R phase (as described by d 15 ), which by definition must be continuous. If no discontinuity is observed upon application of an electric field along the [001] C direction, the resultant structure should be referred to as a monoclinic "distortion", rather than a "phase": the crystal's ground state remains rhombohedral.
Confusingly, in the first principles calculations of Bellaiche and coworkers for rhombohedral PZT near the MPB, application of an electric field along [001] C does lead to a discontinuous jump in strain between R and M A phases indicating a true, first-order phase transition [119] . However, it was not reported in the first principles calculations of Fu and Cohen for low temperature, rhombohedral barium titanate for the same direction of applied field where the same R-M A rotation is predicted [11] . As yet, it seems no first-order transition has been observed for the R-M A rotation, either microscopically in strain-field measurements, or in situ by diffraction or optical microscopy. Experimental observation of such a transition will likely be extremely difficult due to the witheringly small lattice distortions involved as well as the fact that, in certain compositions, unpoled crystals lack long range order and poled crystals often already have zero-field monoclinic symmetry; zero-field monoclinic symmetries will be discussed below. Interestingly, however, there is now acoustic emission evidence for a first order O-M C transition in PZN-9PT when an electric field is applied along the [001] C direction [163] ; according to group theory, transitions between O and M C phases can be first or second order [162] .
As an aside, the possibility remains that if the rhombohedral phases of PMN-xPT and PZN-xPT are indeed locally monoclinic the R-M A transition can occur continuously without contradicting group theory [28] . That is, what would appear a R-M A macroscopically would in fact correspond to a long-range condensation of a particular cation shift. This will be discussed further in Section 3.3.
From the above, we can begin to build an alternative paradigm based on truly rhombohedral, orthorhombic and tetragonal phases at the MPBs of (ferroelectric) PMN-xPT and PZN-xPT. In fact, the intermediate M C phase observed in unpoled [139, 141] and [001] C -poled [47, 54] PMN-xPT and PZN-xPT has orthorhombic "background symmetry [47] ." That is, as mentioned in Section 2, the M C phase becomes orthorhombic in its limit [9] where a M =c M and the polar vector lies along a <101> C direction. In general, in the M C phases observed in PMN-xPT and PZN-xPT, the polar vector is rotated by only a few degrees from the <101> C limiting direction. In the M C monoclinic phase discovered at very low temperature (35 K) in unpoled PZN-9PT by powder neutron diffraction [123] , derived atomic shifts suggest the polar vector is close to [304] C . This corresponds to a rotation of around 8°from the [101] C direction. In the M C monoclinic phase evidenced in [001] C -oriented, unpoled PMN-33PT single crystals by polarized light microscopy [139] , the angle of extinction is only around 3°away from the position expected for an orthorhombic phase; a similar angle was found by Shuvaeva and coworkers [141] .
Therefore, we might refer to such M C "phases" as "pseudo-orthorhombic [22, 51, 151] ," unless of course they become "pseudo-tetragonal" in their other limit (see Fig. 4 ). However, when an electric field is applied to a single crystal of PZN-8PT along [001] C , the maximum angle of polarization rotation from the [101] C limiting direction is only around 11°before first order nucleation and growth of the field-induced tetragonal phase [22] .
Similarly, the M A phases observed in PMN-xPT and PZN-xPT have rhombohedral background symmetry [47] .
Typically, the polar vector is rotated only a few degrees from the <111> C limiting direction such that we might refer to such a phase as "pseudo-rhombohedral." Notably, for the R(M A )-T transition that occurs in PZN-4.5PT upon application of a field along [001] C , Cross and Hana [164] calculate (phenomenologically) a maximum angle of α≈25°for rotation of the polar vector in the M A plane. Although this is not a "slight" distortion, the crystal is still "pseudorhombohedral" rather than "pseudo-tetragonal" before the phase transition.
It should perhaps be noted here that the angle of polarization rotation is distinct from the monoclinic angle β, although both can be used to quantify the "monoclinic distortion". For example, in unpoled PZN-9PT at 35 K, the monoclinic angle is 90.25°, although the polar vector is rotated by 8°from the [101] C direction [123] . Because of symmetry, the angle of extinction observed in polarized light microscopy will correspond to the angle of rotation of the polar vector.
For truly zero-field rhombohedral, orthorhombic and tetragonal phases, the R-O-T sequence upon increasing PT content across the phase diagram neatly mirrors the sequence of phases observed in BaTiO 3 and KNbO 3 upon heating [39] . Within the framework of 6th order LGD theory, an orthorhombic phase is predicted in PZT close to the MPB which is only slightly higher in energy than the stable R and T phases [165, 166] .
Importantly, it has been shown that the intrinsic piezoelectric anisotropy [96] of truly rhombohedral or orthorhombic phases can explain the majority (>50%) of the giant piezoelectric response of [001] C -poled PMN-xPT and PZN-xPT [20, 22, 167, 168] . Huge shear coefficients (d 15 ) have been measured in monodomain rhombohedral "PMN-33PT [168, 169] " (4,100 pm/V), rhombohedral PZN-7PT [170] (7,000 pm/V), and orthorhombic PZN-9PT [167] (3,200 pm/V); this compares to around 560 pm/ V for BaTiO 3 and 60 pm/V for PbTiO 3 , at room temperature [171, 172] . For a given electric field applied along the non-polar [001] C direction, the resultant shear of the unit cell corresponds to large angles of polarization rotation. As noted above, the resultant symmetry under field is no longer rhombohedral or orthorhombic but strongly monoclinic.
Moreover, it has recently been pointed out that large shear coefficients are related to dielectric softening in a direction perpendicular to the polar axis, which occurs close to first order phase transitions between ferroelectric phases [18, 173] . This includes transitions brought about by changes in temperature, as in BaTiO 3 and KNbO 3 , stress or electric field [174] , and by changes in composition, for example at a morphotropic phase boundary. In more fundamental terms, the effect is due to flattening of the free energy profile when two or more ferroelectric phases become degenerate [107, 174] . The effect is not unique to the MPBs of PMN-xPT and PZN-xPT; indeed, it has been demonstrated phenomenologically in PZT [165, 175] . Nor is it unique to perovskites, being observed experimentally at the MPB between orthorhombic and tetragonal phases in the Pb 1−x Ba x Nb 2 O 6 (PBN) tungsten bronze system [176, 177] .
However, as pointed out by Kisi and coworkers [12] , the effect of the MPB and the resultant shear coefficients are uncommonly large in PMN-xPT and PZN-xPT. Comparing the elastic constants of relaxor-ferroelectric PMN-xPT [169] and PZN-xPT [167] with those of KNbO 3 [76] , BaTiO 3 [171] and PbTiO 3 [178] , it is clear that they are up to an order of magnitude higher than in their simpler perovskite relatives [12, 22] . This intrinsic "softness" is likely a consequence of their background relaxor character [22] . In ferroelectric perovskites, all piezoelectric coefficients tend to increase close to the Curie point [18] ; such an increase corresponds to a dielectric softening of the material in all directions. As will be discussed in Section 3.2, in relaxor-ferroelectric PMN-xPT and PZN-xPT, the phase transition from the high temperature, paraelectric phase is characteristically diffuse [85] , or martensite-like, especially at low PT contents. Thus, the ferroelectric and paraelectric phases will remain close in energy over a large temperature range such that this dielectric softening may be felt at temperatures much below the temperature of peak permittivity.
Most importantly, it follows that monoclinic symmetries (due to polarization rotation) will also be observed in simpler perovskites when electric fields are applied in non-polar directions; however, the resultant monoclinic distortions will typically be an order of magnitude smaller, possibly beyond the resolution of most diffraction experiments.
Thus, if the zero-field, ground state phases of PMN-xPT and PZN-xPT are indeed rhombohedral and orthorhombic, it is not unusual that M A and M C symmetries are observed when electric fields are applied in non-polar directions; they follow from a large piezoelectric distortion due to unusually high shear coefficients in the vicinity of the MPB. However, the presence of monoclinic phases (or distortions) in the absence of externally applied field or stress in unpoled samples is more difficult to explain as "distortions", as is the irreversible induction of monoclinic symmetry by application and removal of an applied field (poling).
Notably, two-phase coexistence is often observed in unpoled PMN-xPT and PZN-xPT single crystals with MPB compositions. The coexistence of rhombohedral (R) and tetragonal (T) phases has been evidenced by polarized light microscopy (PLM), for example, in PZN-9PT and PMN-35PT [179] , PZN-9PT [15] , and PMN-xPT [141] .
The coexistence of M A and M C "phases" has been observed in finely twinned by PLM in PMN-32PT [58] and a minority monoclinic phase has been reported in unpoled, tetragonal PMN-40PT [60] . Furthermore, the presence of a "trapped" tetragonal phase in unpoled, rhombohedral PZN-7PT has been discussed [13] . Coexisting rhombohedral and monoclinic phases have been observed by PLM in PMN-33PT [140] . Finally, the coexistence of M A and M C , and M C and T, phases has been evidenced by a Rietveld refinement of powder X-ray diffraction patterns in unpoled PMN-xPT over certain composition ranges [127] . Such two-phase coexistence might be expected in crystals of PMN-xPT and PZN-xPT due to the compositional heterogeneity discussed in Section 1 and the fact that all MPB phases are extremely close in energy. The resultant microstructure, composed of two-phase boundaries and domain walls, is generally exceedingly complex [15, 22, 141, 180] .
It has been postulated by a number of authors that such two-phase coexistence leads to residual strains at the heterophase boundaries and, more importantly, that these result in symmetry lowering of the rhombohedral, orthorhombic and tetragonal phases [13-15, 58, 180] . That is, if stress-free boundaries cannot form between these phases, the resultant strains will be accommodated in the elastic distortion of the individual domains. As discussed above, for relatively small internal stresses, the resulting monoclinic distortion will be large due to the high shear coefficients and intrinsic softness of PMN-xPT and PZN-xPT. PLM studies also show that the monoclinic "distortion," determined by the rotation angle of the polar vector, can vary with location within a given domain; the variation is as much as 5°in PZN-8PT [180] . This is evidence for a strongly heterogeneous strain as might be expected from a complex, two-phase, twinned structure.
A rigorous theoretical treatment of the heterophase coexistence in PMN-xPT and PZN-xPT has been presented by Topolov and coworkers based on the method for calculating permissible "phase boundaries [181] " between two (or more) twinned phases original proposed by Metrat [182] ; notably, the importance of monoclinic "phases" for stress relief has been pointed out. The authors have shown that a monoclinic M C phase is essential for the relief of stress in unpoled PMN-xPT where T/M C and R/M C coexistence is observed [183] ; similar has been shown for PZN-xPT [184] . Since a monoclinic phase cannot be distinguished from a distorted, higher-symmetry one, a strained orthorhombic phase would also serve the same purpose. The importance of a monoclinic phase for elastic matching at the MPB in PZT has also been pointed out [185] . However, one problem with the Metrat approach used is that it requires experimental lattice parameters to define the deformation matrices needed. Thus, the theory alone cannot be used to predict two-phase coexistence, nor the symmetry of the phases present; it can only predict the boundaries between phases of known structure.
Another important observation is that the monoclinic "distortion" in unpoled samples, as evident in polarized light microscopy as the angle of extinction, tends to increase with temperature as the first order phase transition to a tetragonal phase (see Fig. 2 ) is approached [141, 180] . It also tends to increase with increasing PT content across the PMN-xPT and PZN-xPT phase diagrams [125] [126] [127] . In the limit of the polarization rotation model, the monoclinic phase acts as a structural bridge between the rhombohedral and tetragonal phases allowing continuous rotation across the (first order) phase transition whether induced by change in temperature or composition [9, 10] . However, such a bridge is not necessary and the increase in monoclinic distortion can also be explained by a softening of the rhombohedral or orthorhombic crystal [18] as the phase transition is approached in the presence of a constant internal stress.
In spite of this, very large, zero-field rotations of the polar vector will still be hard to explain as distortions; for example, the polar vector in unpoled Pb(Zr 0.52 Ti 0.48 )O 3 at 20 K is rotated by around 24°from the [001] C direction towards [111] C [29] , and is thus "pseudo-tetragonal" rather than "pseudo-rhombohedral." In PMN-35PT at 80 K, the polar vector lies close to [103] C and thus is rotated by around 27°from the [101] C direction [123] . It too is "pseudo-tetragonal," and not "pseudo-orthorhombic." Whereas a clear discontinuity in extinction angle is evidenced in PZN-8PT [180] and PMN-33PT [141] at the temperature-induced phase transition to a tetragonal phase, preceded by symmetry lowering, the rotation is nearly continuous in lower PT content PMN-28PT [141] consistent with a bridging monoclinic phase. However, the evolution of lattice parameters across the MPBs in PMN-xPT and PZN-xPT does not suggest truly continuous polarization rotations, nor true bridging planes [125] [126] [127] . In the original work by Noheda et al., the T-M A phase transition that occurs upon cooling in Pb(Zr 0.52 Ti 0.48 )O 3 is clearly first order; there is a clear discontinuous jump in (b−90°), the relevant order parameter for the transition, at the phase transition temperature [29, 113] .
In poled crystals, however, the picture is different. The poling process generally removes any two-phase coexistence leaving a finely twinned, single phase with a laminated, domain-engineered structure [22, 64, 66, 179, 186, 187] based on "two-variant twinning [188] ." Recently, the symmetries of the phases observed in poled PMN-xPT around the MPB have been shown to depend on the direction of the applied poling field. Shirane and coworkers have shown that whereas [001] C -poled (field cooled) PMN-35PT has M C symmetry, [101] C -poled PMN-35PT is orthorhombic [53] . Furthermore, the same authors have shown that PMN-30PT, which is rhombohedral in the unpoled state, has M A symmetry when poled along the [001] C direction [137] . In contrast, it assumes M B symmetry when poled along [101] C with the polar vector rotated, within the M B mirror plane, away from the <111> C limiting direction of the rhombohedral phase towards the [101] C poling direction (see Fig. 4 ) [135] . All their recent results have been summarized in a recent paper; as mentioned in Section 1, the authors discuss a "fragile phase stability" of the phases around the MPB [54] .
However, as has been recently pointed out [22] , these results are also consistent with the model of truly rhombohedral and orthorhombic phases distorted by a residual, internal electric field or stress. Assuming the zero-field ground state of PMN-30PT is rhombohedral, upon poling along the [001] C direction, "zero-field" M A symmetry would also result from a locked-in, internal electric field oriented along the poling direction, or a compressive stress perpendicular to it. Due to the "giant" shear coefficients of PMN-xPT close to the MPB, the resultant (piezoelectric) distortion might well lie within the resolution limits of modern X-ray and neutron diffraction techniques, even for a relatively small internal bias [22] .
Importantly, there is much evidence for the presence of such residual fields in poled PMN-xPT and PZN-xPT. First of all, the fact that [001] C -oriented crystals of various compositions can be "overpoled" to the detriment of their piezoelectric properties [52, 189] suggests that the poling process is more complicated than a simple domain switching process at the coercive field. Furthermore, there is substantial evidence that poling along the [001] C direction increases the range of thermal stability of the high temperature tetragonal phase. For example, Sehirlioglu and coworkers have shown by dielectric measurement that in PMN-xPT the depoling temperature T d is increased over that in unpoled samples by poling under a modest field at room temperature. The temperature of the lower temperature ferroelectric-ferroelectric phase transition is also lowered significantly [147] . A similar effect can also be seen in similar measurements elsewhere [148, 190] .
In fact, an increase in thermal stability of the tetragonal phase would be expected if an external bias field were applied along the [001] C direction. Such an electric field will favor the tetragonal phase over all other ferroelectric phases, and the cubic paraelectric phase, due to a competing energy term [161] ΔG ¼ ÀE:P ¼ ÀEP cos q; here, θ is the angle between the applied electric field E and the polarization P such that the phase for which θ is smallest is most strongly favored. Indeed, dielectric measurements of PMN-xPT under bias (that is, during field heating) show that T d is shifted to higher temperatures by a [001] C electric field; the phase transition from the rhombohedral or orthorhombic phase is also moved to lower temperatures [38] . Similarly, the effect has been shown by diffraction experiments where the tetragonalcubic phase transition also becomes more second order in nature at higher bias fields [54] as observed in BaTiO 3 [39] .
Of course, bias fields applied along the <111> C and <110> C directions will instead favor the rhombohedral and orthorhombic phases, respectively. For example, Renault and coworkers have shown that in PZN-4.5PT, under a [111] C bias, a direct tetragonal to rhombohedral phase transition is observed upon cooling. The same sequence of phases is observed upon zero field cooling. In contrast, under a [101] C bias, an intermediate orthorhombic phase is seen, between the T and R phases, over a large range of temperatures (around 50°C) [191] .
Most importantly, similar results are shown in poled samples under zero external bias. After field cooling (poling) of PZN-4.5PT along the [101] C direction, and upon reheating under zero bias, Renault and coworkers observe the same intermediate orthorhombic phase, again stable over a large temperature range (around 20°C) [191] . Interestingly, in the [111] C -poled sample, they also see evidence for an intermediate orthorhombic phase upon heating (as observed by Shen and coworkers [142] ) although it is only stable over a small range of temperatures (around 5°C). Most importantly, the transition temperatures observed are quite different in the [111] C -and [101] C -poled samples; notably, the rhombohedral phase is stable to much higher temperatures in the [111] C -poled crystal [191] . Such an effect is quite unexpected: in theory, transition temperatures should be independent of orientation.
Thus, poling along a given direction, whether by field cooling or application of a field at room temperature, seems to have the effect of leaving a "residual bias field [22] " in the material which biases the various ferroelectric phases over each other (depending on angle θ). The effects of this can quite clearly be seen in the dielectric measurements of by Lu and coworkers [143, 145] , and Guo and coworkers [148, 190] . Notably, when higher poling fields are applied at room temperature, the residual biasing effect seems to be larger [148, 190] . For example, whereas [101] C -oriented PMN-30PT is rhombohedral at room temperature when poled at 200 V/mm, it is orthorhombic after poling at 400 V/mm [148] . This might explain the "overpoling" effects reported by Lim and coworkers [189] . The presence of residual bias fields would also explain why transitions between pseudo-rhombohedral and pseudo-orthorhombic phases are not seen in [001] C -poled crystals upon heating (Section 1), such that the MPB is nearly vertical, whereas they are in [101] C -and [001] C -poled crystals [22] .
Internal bias fields are not uncommon in ferroelectric materials and are found, for example, in as-grown LiNbO 3 and LiTaO 3 single crystals [192, 193] and PZT ceramics [194] due to the presence of defects. Indeed, the presence of a "memory effect" in [001] C -poled (field cooled) PZN-8PT, due to the alignment of defects, has been postulated by Shen and coworkers [195] . However, internal bias fields due to defects are typically apparent as a shift in bipolar, polarization hysteresis loops [194] , something which is not observed in PMN-xPT and PZN-xPT single crystals [196, 197] . "Memory" of an externally applied field due to the presence of embedded polar nanoregions with reverse polarization, as recently evidenced by Xu and coworkers [198] , might provide a better source for such a field. The presence of a preferred <001> C poling direction in melt-grown PMN-xPT single crystals has also been reported [199] .
One important result that should be mentioned is that reported by Sehirlioglu and coworkers [199] . When Finally, such a bias effect could also come from internal stresses. For example, a compressive stress perpendicular to the poling direction would have a similar effect to an internal electric field along the poling direction. Lee and coworkers have postulated that the (M A ) monoclinic distortion observed in [001] C -poled PZN-5PT results from residual strains at the domain walls of the domainengineered structure [17] . Moreover, comparing nicely with the results of Cao and coworkers [54] , they find [111] Cpoled PZN-5PT to have rhombohedral symmetry [17] . Lim and coworkers have suggested that the monoclinic state found in [001] C -poled PZN-8PT is a "trapped", metastable phase [16] . The stability of the monoclinic phases observed in PZT, PMN-xPT and PZN-xPT and the importance of residual stresses has recently been reviewed by Noheda and Cox [10] .
In summary, the observation of monoclinic symmetries in poled and unpoled PMN-xPT and PZN-xPT does not require the presence of truly zero-field monoclinic phases. They can equally be explained by the presence of residual bias fields or stresses and an intrinsic "softness" due to the proximity of the MPB, where rhombohedral, orthorhombic and tetragonal phases are nearly degenerate, and their background relaxor character. Within such a paradigm, all phase transitions between R, O and T phases must be first order [162] , whether induced by changes in temperature, composition, electric field or stress. There is no need for any "structural bridges" between the phases and polarization rotation under zero field within the M A , M B and M C monoclinic planes of Fig. 4 is simply a consequence of shear deformation due to internal stresses and/or fields. The observation of monoclinic symmetries, within the resolution of optical and diffraction methods, is possible in PMN-xPT and PZN-xPT due to their intrinsic softness and the large resultant distortion. From this point of view, monoclinic "phases" do not explain the giant piezoelectric response at the MPB. The paradigm laid out in Section 2 is, in fact, reversed such that the monoclinic phase is a consequence of the giant piezoelectric response and not the other way around. In any case, as will be concluded in Section 4, observations of a giant piezoelectric response and monoclinic symmetry will likely go hand in hand.
Importantly, however, the presence of residual fields remains to be confirmed. They, and the resultant monoclinic distortions they imply, should be quantified. Moreover, as pointed out by Bell, although polarization rotation does not require a monoclinic phase, it may be enhanced by the "monoclinicity" provided by an 8th order LGD term [30] ; it may also be enhanced by the presence of local, monoclinic symmetry (Section 3.3). There is also the possibility that phase transitions from field-distorted R, O and T phases, with monoclinic symmetry, to truly monoclinic phases do occur. At least in the case of the R-M A transition, this should be first order [162] . Evidence of first order phase transitions between truly R, O and T phases and their lower symmetry M A , M B and M C counterparts would be conclusive proof for the existence of the latter. Importantly, there is now evidence for an O-M C phase transition in [001] C -oriented PZN-9PT at a field of around 150 V/mm [163] , although this remains to be confirmed; notably, the transition was found to be reversible on the scale of a few days.
Adaptive phase model
The presence of residual bias fields was suggested [22] based on bulk (dielectric) measurements and optical microscopy; in contrast, the polarization rotation model (Section 2) is primarily based on investigation of the crystal lattice by high-resolution diffraction and first principles simulation. However, the importance of the structure at an intermediate scale, at the "mesoscale [200] " visible only by modern TEM and AFM techniques, has also begun to be recognized. Most importantly, the presence of "adaptive phases [23] " in PMN-xPT and PZN-xPT, similar to those commonly observed in ferroelastic martensites, has been proposed [24, 25] . Such phases, consisting of very finely twinned rhombohedral or tetragonal material, might explain the monoclinic symmetries evidenced by X-ray and neutron diffraction.
In the "random field" theory [45, 87, 89] of relaxorferroelectrics, the quenched electric fields created by spatial charge separation due to the presence of chemically ordered and disordered regions [89, 201] account for the lack of long-range ferroelectric order in the low temperature phases of low PT content PMN-xPT and PZN-xPT. In the context of this theory, random fields can be seen to frustrate the Curie-Weiss transition [39] (i.e. that seen, for example, in PbTiO 3 ) and stabilize the high temperature, non-polar phase down to temperatures below the thermodynamic equilibrium temperature it would otherwise have. Noting such persistence of the parent cubic phase down to low temperatures, Schmidt [85] and others [70, 71] have pointed out the similarity between relaxor-ferroelectric and martensitic phase transitions.
Martensitic phase transitions characteristically occur far from thermal equilibrium, over a range of temperatures usually defined as the martensite start and martensite finish temperatures, M S and M F , respectively [202] . Nucleation of the low temperature phase within the parent phase matrix begins at M S and becomes self-terminating at M F where some parent phase is typically left untransformed as domain boundaries between regions (domains) of the low temperature phase [85] . Growth of the martensitic phase is usually strongly anisotropic with one or more preferred growth direction [202] . Importantly, in martensites, nucleation and growth are non-equilibrium processes and the transformation can never go to completion.
It follows that the high-to low-temperature phase transitions that occur in ferroelastic martensites and relaxorferroelectrics are both "diffuse [85, 86, 203] " in that they occur over a certain temperature range, rather than at a well defined transition point. Thus, the Burns temperature [79, 204] might be suitably analogous to the martensite start temperature; the relaxor-to-ferroelectric phase transition is analogous to that which occurs at M F . Moreover, the martensitic and relaxor-ferroelectric transformations share many microstructural similarities [68] . Fine (sub-micron), mesoscale, cross-hatched "tweed" microstructures have been observed in both PMN-xPT [68-70, 205, 206] and lanthanum-doped lead zirconate titanate (Pb 1−y La y ) (Zr 0.65 Ti 0.35 )O 3 [PLZT], another relaxor-ferroelectric [68, 70] , by optical microscopy, and TEM and AFM based techniques. Similar tweed-like structures are observed in martensitic Fe-Pd and Ni-Al above the average transformation temperature [68] . They are also observed in the high temperature superconductor, yttrium barium copper oxide, YBa 2 Cu 3 O 7−δ (YBCO) [200, 207, 208] .
Importantly, diffuse phase transitions must involve coexistence of high temperature (parent) and low temperature (product) phases over a range of temperatures. As a result, the associated lattice mismatch between the two phases can become very important to the kinetics, thermo-dynamics and microstructural characteristics of the phase transition [23] .
According to Khachaturyan and coworkers, the effect of lattice mismatch will be important to a phase transition whenever the mismatch strain energy mS 2 LM (where S LM is a strain characterizing the mismatch between the low temperature and parent phases and μ is a typical shear modulus) is close to or much greater than the driving force for the transformation ΔG V (equal to the difference between free energies of the stress-free product and parent phases) [23] . When the mismatch energy becomes comparable to the driving force for the transition, for example in martensitic phase transitions [202] , the phase transition can only proceed if complete accommodation of the lattice mismatch is provided. To achieve this, the lower temperature phase forms a complex, twinned, mesoscopic lamella structure. Importantly, the resultant volume averaged structure will be related to the parent phase by an invariant plane strain [202] (IPS); that is, to achieve energy minimization, the parent phase and the twinned product will be elastically matched to each other across a strain-free boundary (an "invariant plane" or "zero net strain plane [181] ") much like domains in single phase ferroelastics [209] . When this happens, the average lamella spacing or domain size is given by [23] :
where D is the plate width and + is the domain wall energy of the low temperature phase. During cooling, the layered, low temperature phase will eventually grow to fill the entire sample to the detriment of the surrounding untransformed parent phase [85] . Importantly, whenever the domain wall energy + is low, and the elastic mismatch energy mS 2 LM is large, the resultant domain size in the transformed phase l will be small (see equation [1] ). The resultant finely-twinned, miniaturized phase is referred to as an "adaptive phase [23] ". To quote Jin and coworkers [24] , the adaptive phase is "a particular (miniaturized) case of conventional martensite with stressaccommodating domains, which can only be expected in situations where the domain wall energy is abnormally small". Such adaptive phases are indeed observed, experimentally, in Ni-Al and Fe-Pd alloys [23] .
Importantly, compared to the simpler perovskites, the domain wall energies of relaxor-ferroelectric PMN-xPT and PZN-xPT are typically low [24] . This is evident in their small coercive fields, typically less than 500 V/mm [196, 210] and indicative of a high domain wall mobility, and the observation of fine, mesoscale structures themselves; for example, tweed domains of around 200 nm long and 20 nm wide have been observed in PMN-35PT [68] . It follows from such low domain wall energies, and the many commonalities between relaxor-ferroelectrics and martensitic ferroelastics, that the concept of adaptive phases might be relevant to PMN-xPT and PZN-xPT as well.
Noticing this, Viehland and coworkers propose that the monoclinic "phases" evidenced by optical microscopy and high resolution diffraction in PMN-xPT and PZN-xPT are not monoclinic at all [24, 25] . Instead, the M A and M C states reported at the MPB are really adaptive phases composed of finely twinned rhombohedral or tetragonal phases, importantly, having only volume-averaged monoclinic symmetry. In their model, the M C "phase" observed in PMN-xPT and PZN-xPT is really a tetragonal adaptive phase composed of alternating lamella of two 90°tetragonal domain variants (two variant twinning [188] ). In contrast, the M A "phase" observed is composed of finely twinned rhombohedral variants [24] . According to this model, the volume averaged unit cell of the finely-twinned adaptive phase, as derived from diffraction experiments with a finite beam size, will be different to the true unit cell of the lattice [26] . Importantly, it will be a function of the lattice parameters of the low temperature phase and the volume fraction w and (1−w) of each of the (two) component variants.
As noted above, the volume averaged unit cell of the adaptive phase must be related to the unit cell of the parent phase by an invariant plane strain (IPS). Using the Metrat method [182] , the volume fraction of each variant required for an IPS can be derived as a function of the lattice parameters of the low temperature rhombohedral (R) or tetragonal (T) phase (e.g. a T and c T ) [24] . In this way, the volume average lattice parameters of the resultant adaptive phase (a ad , b ad and c ad ) can be calculated as a function of the lattice parameters of the tetragonal or rhombohedral phases and the volume fractions of the two twins. Notably, it can also be shown that certain "invariance conditions," relating the volume average lattice parameters of the adaptive phase to those of its constituent domains, hold wherever the conditions for an IPS are met, irrespective of the volume fraction of each twin [24, 26] . For example, for a tetragonal adaptive phase:
Importantly, the polarization P of the M A or M C adaptive phase, as measured by diffraction or polarized light microscopy, will be the volume average of the polar vectors of the component domains. Thus, in the case of an M C adaptive phase composed of tetragonal variants with polar vectors along [001] C and [100] C , the volume averaged polarization P can lie anywhere between these two limiting directions, depending on the relative volume fractions w and (1−w). That is, the polarization vector is free to rotate within the (010) C M C monoclinic plane (see Fig. 4 ) as a function of w.
Moreover, application of an electric field or a noncentrosymmetric stress, will bias one of the constituent variants over the other leading to domain switching, that is, the progressive growth of one variant at the expense of the other [23] . Thus, when an electric field is applied along [001] C , for example, the net polarization will rotate within the (010) C plane towards that direction. Thus, the adaptive phase can not only explain the observation of monoclinic symmetries but can also explain the polarization rotation observed under field [24] [25] [26] . Furthermore, if a large enough field can eliminate one of the variants entirely a truly tetragonal phase will be observed; therefore, the adaptive phase model is also consistent with the electric field induced phase transitions first evidenced by Park and Shrout [1] . Finally, it can also explain the orthorhombic symmetry phase observed in otherwise M C compositions when poled along the <101> C direction [54] ; in the presence of such a poling field both tetragonal variants are degenerate and the resultant volume fraction (w=1/2) will fix a volume-averaged orthorhombic symmetry [25] .
Therefore, in the adaptive phase model, the huge electric-field induced strains [1] (>1%) shown by PMN-xPT and PZN-xPT are not intrinsic in nature; they are instead the result of domain switching on a nanoscale. Importantly, the ease of polarization rotation is thus explained by the high domain wall mobility of the "nanotwins [26] " due to a low domain wall energy. From this point of view, monoclinic bridging phases are unnecessary and the large intrinsic piezoelectric anisotropy expected close to the MPB is redundant.
Indeed, there is strong quantitative evidence for the validity of the adaptive phase model. Firstly, the anisotropic peak broadening often observed in X-ray diffraction experiments is consistent with the presence of a highly twinned microstructure [26] . Secondly, the strain observed during the M C -T electric-field induced phase transition in [001] Coriented PZN-8PT is consistent with that expected from switching of tetragonal domains [26] . Thirdly, there is much evidence that the various invariance conditions (like those in equation [2] ) hold in both PMN-xPT and PZN-xPT across the M C -T phase transition whether induced by changes in temperature, composition or electric field [26] .
For an M C adaptive phase composed of tetragonal nanotwins, the second invariance condition of equation [2] can be written b M =a T , implying continuity of one of the lattice parameters across the M C -T phase transition. As shown by Wang [26] , it is observed convincingly for a variety of PMN-xPT and PZN-xPT compositions. Indeed, continuity of the smallest lattice parameter can be seen across the entire phase diagram of unpoled, room temperature PMN-xPT, bridging all four R, M A , M C and T phases [26] . However, the continuity is less convincing for fieldinduced M C -T transitions. At a glance, it is also less convincing across the T-M C transition observed during field cooling.
The relevance of such a condition is also unclear and similar relationships should be sought in other materials. In fact, the same invariance condition is observed across the 4 mm tetragonal to mm2 orthorhombic phase transition of As 2 O 5 ; notably, this phase transition is second order [67] . Finally, although there seem to be obvious trends in the derived values of w for the M C phase under increasing electric field, there are no obvious trends for increasing composition or temperature [26] ; the reason for this is not discussed.
Perhaps most importantly, as recently pointed out [22, 211] , since polarization rotation is inherently coupled to local ferroelastic domain wall motion in the adaptive phase model, albeit on a very fine scale, it will be irreversible wherever domain walls are pinned by defects; that is, hysteresis and frequency dependence might be expected as a result [212] . However, no hysteresis is observed in the strain-field response of [001] C -poled PMN-xPT and PZN-PT. As noted in Section 2 it is characteristically anhysteretic (see, for example, Fig. 3 ). Moreover, the reversible contribution to the direct d 33 response of [001] C -poled PMN-xPT and PZN-xPT is always much greater than any extrinsic, irreversible part [22, 213, 214] . It is unclear at this stage why progressive switching in the adaptive phase should be anhysteretic [214] .
Last but not least, such fine-scale (nano-) twinning has yet to be confirmed, beyond doubt, experimentally, although features of such a hierarchical, nanoscale domain structure have recently been observed by TEM in PMN-33PT by Wang and coworkers [215] . The model will certainly need reconciling with the vast amounts of evidence from TEM, SFM, and X-ray and neutron scattering and it is not clear how the adaptive phase model fits with the embedded nanodomain structures discussed in Section 1.
In any case, more work is needed to better understand the link between ferroelastic martensites and relaxorferroelectrics in general; their commonalities, discussed here and elsewhere [216, 217] , do indeed seem to run deep. In fact, the similarities may extend to all ferroelectrics with some degree of compositional or structural disorder. For example, "frustrated microstructures" showing tweedlike contrast are also observed by TEM close to the morphotropic phase boundary in PZT (although again the importance of TEM specimen preparation is unclear) [149] . PZT, which also has mixed B-site occupancy, has the potential for an inhomogeneous distribution of Zr and Ti cations [218] . The importance of order and disorder in ferroics in general (that is, all ferroelectrics, ferroelastics and ferromagnetics) is a huge topic, beyond the scope of this article. However, some brief comments will be made in the next section.
Importance of order/disorder and local symmetry lowering
As distinct from a "displacive" phase transition, where the symmetry of the parent phase is broken by the displacement of atoms away from their high temperature positions, an "order-disorder" transition is one in which the occupancies of the lattice positions, not the positions themselves, change [200] . There is in fact significant evidence that even the simplest perovskites show some degree of order/disorder character.
Whereas lead titanate (PbTiO 3 ) undergoes a purely displacive phase transition [219] at its Curie point T C consistent with classical soft mode theory [220] , two other "classical" ferroelectrics, barium titanate (BaTiO 3 ) and potassium niobate (KNbO 3 ), show evidence for a Burns temperature far above T C , as observed in relaxorferroelectrics PMN and PZN (Section 1). Deviation from linearity of the refractive index is observed at around 300°C in barium titanate, around 180°C above T C . Moreover, the phase transition from the paraelectric to the ferroelectric phase is not well described by soft mode theory [204] . Burns and Dacol state that the behavior of BaTiO 3 can be better described in the "language of orderdisorder systems [204] ."
Indeed, the order/disorder character of BaTiO 3 and KNbO 3 was first postulated by Comès and coworkers in 1970 [221] based on evidence from diffuse X-ray scattering. To explain the diffuse scattering, the authors suggested a model where only the rhombohedral ground state phase is fully ordered. In contrast, the orthorhombic, tetragonal and cubic phases are all partially disordered, formed by combinations of "chains" of unit cells with Bsite cations uniformly displaced along one of the <111> C directions [222] . Elsewhere, lattice dynamics modeling has been used to explain why only the orthorhombicrhombohedral phase transition in KNbO 3 fits displacive soft mode theory, while the other two transitions display both displacive and order/disorder characteristics. A "hopping" of the B-site cation in the rhombohedral phase is suggested [223] . Furthermore, a study of the microscopic and macroscopic symmetry of BaTiO 3 through the phase transition has shown that some local tetragonal symmetry persists above T C ; based on this, Wada and coworkers again suggest a mixed displacive and order/disorder character [224] . Finally, the same has been suggested based on firstprinciples calculation [225] .
It can be no surprise, therefore, that in the more complex relaxor-ferroelectric solid solutions, PMN-xPT and PZN-xPT, structural disorder is also evident in the presence of a polar nanoregions, and complex, frustrated microstructures. Importantly, in the solid solutions PMN-xPT and PZN-xPT, and in PZT, compositional disorder will arise due to mixed occupancy of the B-site. The links between compositional and structural disorder in complex perovskite solid solutions remain the subject of much investigation [28, 88, 89, [226] [227] [228] [229] [230] .
Notably, there is now significant evidence that in PZT, and in relaxor-ferroelectrics like PMN-xPT and PZN-xPT, the average symmetry observed by X-ray and neutron diffraction is different to that on the unit cell level: a full review of local versus average symmetry lowering can be found in the recent article by Noheda and Cox [10] .
Although only average lattice distortions can be determined by X-ray and neutron diffraction data, information about static or dynamic disorder, or local short-range order, can also be derived from analysis of so-called anisotropic displacement parameters [27, 133] . As discussed in Section 2, structural refinement of neutron diffraction data shows that the Pb cationic shifts in PZT might be best described as monoclinic in both rhombohedral and tetragonal phases [27, 28] .
Corker and coworkers were first to propose that, in the rhombohedral phase of PZT, Pb cation shifts can be described by a long range ordered displacement along the [111] C direction superimposed upon local, short range ordered displacements along either a [001] C , [010] C or [100] C direction [27] . Implicitly, in regions of material where the shifts are locally ordered, the average symmetry will be lowered to M A monoclinic [29] . Globally, however, the shifts are uncorrelated and the average symmetry is rhombohedral. As pointed out by Noheda and coworkers, the same local monoclinic symmetry can also result from locally correlated [110] C -type shifts superimposed upon a long-range tetragonal [001] C shift [29, 133] . This has led to the suggestion that the local symmetry of PZT is M A in both R and T phases [28, 133] . Average monoclinic symmetry is thus due to the condensation, or freezing out, of one of the disordered Pb cationic shifts [30] .
In this model, structural order, in the long range correlation of the monoclinic shifts, is highest at the MPB where volume average M A symmetry is observed [28] . Therefore, the R-M A -T transition across the MPB in PZT is essentially an order-disorder transition, rather than a displacive one, and can be continuous without contradiction of group theory (Section 3.1). Local monoclinic symmetry would allow continuous polarization rotation, between the [001] C and [111] C limiting directions, within the same phase. The gathering evidence to support this model, from X-ray and neutron diffraction, and first principles calculation, has recently been reviewed by Noheda and Cox [133] , and by Bell [30] .
Moreover, there is now evidence for local symmetry lowering in relaxor-ferroelectrics. A recent neutron diffraction study by Singh and coworkers suggests that rhombohedral PMN-25PT has local, short-range monoclinic M B (M A ) symmetry, which grows to long-range monoclinic order at low temperatures [31] . Evidence for local monoclinic symmetry in the rhombohedral phase of (1-x)PbSc 1/2 Nb 1/2 O 3 -xPbTiO 3 [PSN-xPT] has been presented by Haumont and coworkers [228] .
The picture is complex and further discussion is far beyond the scope of this article. In PMN-xPT, for example, X-ray photoelectron spectroscopy suggests that structural disorder increases towards the MPB [226] . Elsewhere, the importance of chemical disorder for the stabilization of monoclinic phases has also been discussed [218, 228, 231] . The links between local and average structure, structural disorder, compositional disorder, relaxor-ferroelectric behavior and the presence and structure of polar nanoregions remain to be fully understood.
Most importantly, a paradigm based on structural disorder and locally monoclinic phases remains to be reconciled with the three paradigms discussed above. However, as pointed out by Bell [30] , the lateral cationic shifts responsible for local monoclinic symmetry might be expected from dielectric softening perpendicular to the polar axis close to the morphotropic phase boundary, as predicted by phenomenological theory [18] . Finally, the importance of B-site alloying to the large d 15 shear coefficient of PZT has been pointed out based on first principles calculations [231] . The large shear coefficients observed in rhombohedral PZN-xPT and PMN-xPT (see Section 3.3) may indeed be a direct result of locally disordered, monoclinic symmetry.
Possible extrinsic contributions
Until this point, the presence of a domain engineered structure [232] in [001] C -, [101] C -or [111] C -poled PMN-xPT and PZN-xPT has been ignored. Since no domain wall motion occurs upon application of an electric field along the poling direction ( Fig. 3) , the domain engineered structure has simply implied that the monodomain structure and properties of PMN-xPT and PZN-xPT, when an electric field is applied along a non-polar direction, can be investigated using polydomain crystals. However, as will be discussed below, domain walls might well provide an extrinsic contribution to their piezoelectric response.
As noted above, intrinsic crystal anisotropy can only account for between 50% to 80% of the measured piezoelectric response of [001] C -poled PMN-33PT and PZN-9PT [20, 21, 167, 168] . There is evidence, therefore, of a significant extrinsic contribution (>20%) to the enhanced piezoelectric properties of domain-engineered PMN-xPT and PZN-xPT. However, there is no evidence for domain wall motion in strain-field measurements when an electric field is applied along the [001] C poling direction of pseudo-rhombohedral and pseudo-orthorhombic crystals (see Fig. 3 ). Due to the inherent stability of the domain engineered structure, ferroelastic domain switching does not occur [1] . However, there remains the possibility that the contribution may arise purely from the presence of domain walls.
Recent work by Wada and coworkers has shown experimentally that an increased domain density leads to increased piezoelectric properties in domain engineered 4 mm barium titanate and mm2 potassium niobate [233] [234] [235] [236] [237] . For example, in [111] C -oriented BaTiO 3 , the measured d 33 response of a monodomain crystal was found to be 224 pm/V [237] , very close to the theoretical value calculated assuming a purely intrinsic contribution (222 pm/V). In a multidomain crystal, however, the response was found to be dependent on the average domain size, controllable via the poling technique used. Decreasing the domain size from >30 to 14 μm led to an increase in d 33 from 241 to 289 pm/V, albeit without change in permittivity. Such a 30% increase in piezoelectric response with increasing domain wall density does indeed suggest that there is a significant extrinsic response from the presence of a domain structure, especially when this structure becomes fine. As noted above, fine domain structures are often found in domain engineered PMN-xPT and PZN-xPT, especially for low PT-contents.
The reason for this observed domain density dependence remains unclear. However, recent continuum modeling suggests that polarization vectors become more rotated from their zero-field direction in crystals with fine domain structures [238] . Moreover, first-order, electric-field induced phase transitions have been shown to nucleate at domain walls [238, 239] . Local bias fields applied antiparallel to the polarization can lead to large enhancements of the piezoelectric response in non-polar directions [240] .
What is more, this extrinsic contribution might explain the fact that "giant" piezoelectric coefficients are observed even in low PT-content crystals such as PZN-4.5PT, far away from the MPB, where lower piezoelectric shear coefficients are expected [18] . A recent Brillouin scattering study, albeit in stark contrast to measurements elsewhere [241, 242] , suggests a weak piezoelectric anisotropy in monodomain PZN-4.5PT (d 15 =d 33 ¼ 328=202 % 1:6) [241] . The large piezoelectric response of [001] C -poled PZN-4.5PT (d 33 >2,000 pm/V) [243] , might thus arise from an even larger extrinsic contribution (>90%). Accordingly, domain sizes are shown to decrease at lower PT contents as a result of a lower domain wall energy. As discussed above, the domain engineered structure might also be responsible for the presence of residual bias fields [22] .
Finally, it has been postulated that strain fields arising between the long-range ordered phase and the embedded polar nano-regions in PMN-xPT and PZN-xPT may also help explain their large electromechanical response [80] .
Concluding remarks
Understanding the structure and properties of the relaxorferroelectric solid solutions PMN-xPT and PZN-xPT will remain an extremely difficult task. As noted in Section 1, they are exceedingly complex in their chemistry, and in their structure across a range of length scales. However, three main paradigms for their "giant" piezoelectric properties of PMN-xPT and PZN-xPT can be identified.
In the first, laid out in Section 2, the monoclinic phases present at the morphotropic phase boundary provide "structural bridges [9] " across the first order transition between rhombohedral and tetragonal phases. Moreover, they are responsible for the giant piezoelectric response when electric fields are applied in non-polar directions in that they allow, or at least facilitate [30] , the polarization rotation [11] mechanism.
In the second paradigm, described in Section 3.1, a strong polarization rotation effect is explained by the large piezoelectric shear coefficients of zero-field rhombohedral and orthorhombic phases due to the destabilizing effect of the MPB [18, 174] and the intrinsic softness of the relaxor state. It is noted that monoclinic phases are not necessary for the rotation of the polar vector when fields are applied in non-polar directions [12] . Zero field monoclinic symmetries can instead be explained by residually distorted rhombohedral and orthorhombic phases in the presence of internal stresses and/or residual bias fields [22] .
In the third paradigm (Section 3.2), postulated by Viehland and coworkers, the monoclinic "phases" of PMN-xPT and PZN-xPT are, in fact, composed of very finely twinned rhombohedral and tetragonal domains [24, 25] . In this adaptive phase model, based on that for ferroelastic martensites [23] , the large electric-field induced strains are extrinsic in nature and result from the progressive switching of the component "nanotwins". The ease of polarization rotation is thus explained by the high domain wall mobility of relaxor-ferroelectric PMN-xPT and PZN-xPT. Importantly, the adaptive phase model follows naturally from the many similarities between relaxor ferroelectrics and martensites in general.
Lastly, the importance of structural and chemical disorder to the structure and properties of PMN-xPT and PZN-xPT has been discussed. There is now significant evidence that local symmetry, on a unit cell scale, may be different to the average symmetry evidenced by diffraction experiments (Section 3.3) [10] . Local monoclinic symmetry in both rhombohedral and tetragonal phases of PZT would mean that the polar vector can rotate between [111] C and [001] C limiting directions, across the MPB, without a change of phase. Finally, evidence for an extrinsic contribution to the piezoelectric response of PMN-xPT and PZN-xPT from the presence of domain walls has been reviewed (Section 3.4).
Importantly, all the paradigms described remain to be reconciled both with each other and with the extremely complex, disordered, relaxor nature of PMN-xPT and PZN-xPT. Which paradigm is most "correct" remains to be seen. Of course, it is possible that the different paradigms might be active in certain compositions but not in others. Above all, there is surely some truth in all of them, very much in keeping with the parable of the four blind men and the elephant. Free-energy flattening, leading to enhanced dielectric and piezoelectric anisotropy and large shear coefficients; diffuse, martensitic-like behavior, leading to mesoscale "tweed-like" structures and nanoscale twinning; and, chemical and structural disorder leading to the presence of polar nano-regions and local monoclinic symmetry may all be intrinsically related. As recently postulated by Kutnjak and coworkers, a large electromechanical response can be expected whenever a system is close to criticality [244] ; all the above effects result from a proximity to some kind of instability. Which phenomena is most fundamental is likely to prove a matter of taste.
If there is one thing that should be conveyed by this article, it is huge amount of literature that has been published about PMN-xPT and PZN-xPT. Articles have been written from many different perspectives, based on Xray and neutron diffraction, transmission electron microscopy, atomic force microscopy, Raman spectroscopy, bulk electrical characterization, and many other techniques. Importantly, all of it will need assimilating and mutually reconciling to really begin to understand such complex materials; only then will we begin to picture the whole "elephant."
